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Abstract: The dielectric properties and phase transition behavior of BiFeO3 (BFO) 
ferroelectric thin films are explored using Landau-Ginzburg-Devonshire theory, accounting 
for polarization variation near the surfaces. The Euler-Lagrange (E-L) equation is 
numerically solved to model switching properties under an applied step electric field. 
Dielectric hysteresis loops are generated for various thicknesses and temperatures, 
revealing a critical thickness of 0.452 nm, revealing a critical thickness of 0.452 nm, which 
highlights BFO’s potential for nanoscale applications. The electric susceptibility is 
computed for several film thicknesses, showing a high value (~104) near the transition 
temperature, even for a film thickness of 1 nm. At room temperature, the susceptibility 
increases as the film thickness decreases, reaching a value of 51.7 at 30 °C for the 1 nm 
film. These findings are consistent with experimental observations that report an average 
dielectric constant of approximately 50~ߝ in a single BFO crystal. Additionally, at room 
temperature, the calculated average polarization for BFO films with thicknesses between 1 
nm and 6 nm falls in the range 0.50–0.55 C/m², indicating a relatively high value compared 
with other ferroelectric materials. 

Keywords: Ferroelectricity, Landau theory, Phase transitions, BiFeO3 thin films, Dielectric 
properties. 

 
 

1. Introduction 
BFO has been extensively studied for its 

multiferroic properties, which can be exploited at 
room temperature [1], an uncommon and 
advantageous trait among multiferroic materials. 
Reports on bulk BFO have yielded contradictory 
results regarding its remanent polarization and 
dielectric properties. Some studies report that 
bulk BFO exhibits significant remanent 
polarization and strong dielectric properties [2, 
3]. These findings are supported by Local-Spin-

Density and first-principles calculations [4, 5]. 
However, other experimental studies have 
reported significantly lower values of remanent 
polarization and dielectric constants in bulk BFO 
[6, 7]. These discrepancies have been attributed 
to factors such as the presence of secondary 
phases [8–10], high leakage currents, which pose 
a major challenge for practical applications [11–
13], and low permittivity [14]. Nonstoichiometry 
and defects that are difficult to control during 
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bulk synthesis also contribute to these 
discrepancies. The thermodynamic instability of 
the perovskite phase at high temperatures, which 
can lead to the formation of non-perovskite 
secondary phases, further complicates the 
realization of bulk BFO with ideal properties [8, 
9]. On the theoretical side, inconsistencies arise 
from the sensitivity of the polarization to the 
structural distortions in the BFO lattice, which 
are not always accurately captured in the 
theoretical models [15, 16]. This gap between 
theory and experiment highlights the challenges 
in synthesizing bulk BFO with consistently high 
multiferroic performance [15].  

Thin films benefit from enhanced properties 
due to strain effects [17, 18], epitaxial growth 
techniques, and the ability to better control 
stoichiometry and phase purity during film 
deposition [19–24]. Consequently, BFO thin 
films have demonstrated significantly higher 
remanent polarization and dielectric constants 
compared to their bulk counterparts [19, 16, 25–
28]. This high remanent polarization of BFO thin 
films at room temperature makes them 
promising candidates for advanced applications 
in data storage, sensors, and spintronic devices 
[29]. The structural integrity and optical 
properties of BFO films, including a 
rhombohedral structure and a bandgap of 
approximately 2.33 eV, contribute to their 
effectiveness in electronic applications [30]. This 
paper focuses on the intrinsic dielectric 
properties of BFO thin films, aiming to explore 
the mechanisms underlying their ferroelectric 
behavior as influenced by film thickness and 
temperature. Understanding these mechanisms is 
essential for advancing the application of BFO in 
nanoscale devices, particularly in developing 
monolayer structures with reliable 
ferroelectricity, even at ultrathin dimensions.  

From a theoretical perspective, the phase 
transitions and dielectric properties of BFO have 
been investigated using complementary 
approaches, including first-principles 
calculations, density functional theory (DFT), 
and phenomenological Landau theory. First-
principles and DFT methods provide atomistic 
insight into electronic structure, while Landau-
type models offer an efficient macroscopic 
framework for describing ferroelectric behavior 
in thin films. First-principles calculations offer 
accurate insights by solving the fundamental 
equations of quantum mechanics, and have, for 

example, revealed BFO's semiconducting nature, 
multiferroic behavior, and potential for 
spintronic applications [31]. DFT provides an 
efficient method for calculating electronic 
structures and predicting material properties, 
with studies detailing BFO’s electronic band 
structures and confirming its dielectric relaxation 
phenomena, influenced by growth conditions 
[32]. 

However, while first-principles and DFT 
approaches are powerful, these methods often 
require significant computational resources and 
are more complex in capturing long-range 
interactions in thin films. Landau theory, 
meanwhile, offers a phenomenological 
framework for describing phase transitions and 
polarization behavior, particularly valuable for 
understanding ferroelectric properties at the 
macroscopic scale. Landau-type 
phenomenological theory has been extensively 
applied to study the physical properties of single-
domain ferroelectric thin films with perovskite 
structure [33–37]. For example, Maren 
Daraktchiev et al. utilized a Landau potential 
expanded up to ܲ6 to analyze domain wall 
properties in multiferroic systems with coupled 
order parameters [38]. Similarly, Vanderbilt and 
Cohen [39] demonstrated that expanding the 
Landau potential up to the eighth order is 
necessary to describe low-symmetry phases in 
ferroelectric perovskites.  

This manuscript uses the Landau potential 
(up to the eighth order) to investigate phase 
transitions and dielectric properties of BFO films 
across varying thicknesses and temperatures. By 
analyzing dielectric hysteresis loops and 
susceptibility, the study provides a detailed 
understanding of BFO's ferroelectric behavior, 
highlighting its size- and temperature-dependent 
properties. This work could serve as an effective 
tool for guiding the experimental development of 
nanoscale ferroelectric devices for advanced 
applications in electronics and spintronics. In the 
following sections, we first present the 
theoretical framework, detailing the application 
of Landau theory to model phase transitions and 
dielectric properties of BFO thin films. This is 
followed by a discussion of the results, which 
explores polarization profiles, dielectric 
hysteresis loops, and susceptibility across 
various BFO film thicknesses and temperatures. 
Finally, we conclude with key findings. 
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2. Theory  
The room-temperature phase of BFO is 

rhombohedral, with space group R3c and point 
group 3m, where ferroelectric polarization 
occurs along the [111] pseudocubic direction 
[40, 41]. Around 825 °C, BFO undergoes a first-
order transition to a high-temperature β phase, 
accompanied by a sudden volume contraction 
and a peak in the dielectric constant, suggesting 
a ferroelectric-to-paraelectric transition [42, 43]. 
While there is some debate regarding the exact 
symmetry of the β phase above 825°C, it is 
generally accepted to be centrosymmetric [44–
46]. The low-symmetry rhombohedral phase of 
BFO is characterized by a spontaneous 
polarization vector ܲ = ( ଵܲ, ଶܲ, ଷܲ), serving as 
the order parameter to describe the domain 
configuration and thermodynamic energies of the 
ferroelectric BFO single crystal.  

We assume a freestanding BFO thin film of 
thickness ܮ , extending along the z-axis from z = 
-L⁄2 to z = (+L) ⁄2, under stress-free conditions. 
This allows us to isolate the intrinsic properties 
of the film without the influence of external 
uniaxial stress, which would otherwise induce 
symmetry changes from rhombohedral (Pݔ  = Pݕ  
= Pݖ ) to monoclinic (Pݔ  = Pݕ  ≠ Pݖ ). Our focus is 
on polarization behavior in the absence of such 
external effects. The polarization and related 
physical quantities vary as a function of z. Under 
short-circuited boundary conditions with ideal 
metallic electrodes, the depolarization field is 
strongly screened. Several experimental and 
theoretical studies on BFO capacitor structures 
have shown that high electrical conductivity of 
the electrodes and finite conductivity of BFO [1] 
itself substantially reduce the internal 
depolarizing field [47, 48]. Therefore, for the 
present study, we assume that the depolarization 
field is negligible. We note that this is a common 
approximation in LGD modeling of well-
screened ferroelectric films. Nevertheless, we 
acknowledge that in real experimental systems 
incomplete screening can modify the 
polarization profile, and this represents a 
limitation of the present idealized model. 

At room temperature, BFO exhibits a long-
range magnetic order characterized by an 
incommensurate spin cycloid with a very long 
repeat distance of 62–64 nm [49]. In this 
cycloidal structure, the spins of the 
antiferromagnetically ordered sublattices rotate 
gradually, creating a spiral pattern. This results 

in BFO being a G-type antiferromagnet with no 
net magnetic moment below its Néel temperature 
of 370 °C [49]. However, a weak magnetization 
of 0.3 emu/g arises due to a small canting of the 
spins, induced by the Dzyaloshinskii–Moriya 
interaction, where the ferroelectric polarization 
breaks the center of symmetry and causes a 
slight deviation in the spin alignment [50, 51]. 
High magnetic fields, doping, or epitaxial strain 
can disrupt the cycloid, leading to the recovery 
of the canted state and its associated weak 
remnant magnetization [52, 53]. Given the 
negligible intrinsic magnetization of BFO thin 
films, we can disregard its effect in our 
calculations. For static effects, particularly in 
calculating the critical temperatures and 
dielectric properties of films due to the 
enhancement or suppression of polarization at 
the surfaces, the Tilley–Zeks (T-Z) model [54] is 
utilized as an extension of the Landau–
Devonshire theory of bulk ferroelectrics. Based 
on this model, the total Landau free energy 
function (ܩ total) of ferroelectric phase under a 
stress-free freestanding BFO thin film includes 
contributions from the bulk free energy density 
 the gradient volume energy density ,(bulk ܩ)
 accounting for the inhomogeneity due to (grad ܩ)
variations in polarization (ܲ ) across the film 
thickness, the electric volume free energy 
density (ܩ elec), and the surface energy (ܩ surf) 
[54–56]. 

௧௢௧௔௟ܩ = ∫ ൫ܩ௕௨௟௞ + + ௚௥௔ௗܩ ௘௟௘௖ܩ  ൯ܸ݀
ಽ
మ

ିಽ
మ

+

 ௦௨௥௙    (1)ܩ

The polarization components of the uniaxial 
BFO film vary depending on the direction of the 
applied electric field. For our calculations, we 
assume an external electric field (ݖ ܧ ) is applied 
in the z-direction, normal to the film's surface. 
Consequently, we focus on determining the z-
component of polarization (ܲ ݖ ). 

௚௥௔ௗܩ  = ߛ ቀௗ௉
ௗ௭

ቁ
ଶ

  (2) 

௘௟௘௖ܩ = ௭ܧ− ෠݇. ሬܲ⃗ = ௭ܧ− ௭ܲ  (3) 

௦௨௥௙ܩ = ఊ
ଶఋ

(ܲି ௭
ଶ + ାܲ௭

ଶ )  (4) 

Where ߛ determines the correlation energy 
and ߜ is the extrapolation length [57]. Here, 
ܲି ௭ ܽ݊݀ ାܲ௭ represent the z-components of the 
polarization at film surfaces located at ݖ =
 ௕௨௟௞ isܩ The bulk free energy density .2/ܮ∓
given by [56, 58]; 
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Where ߙଵ, ߙ௜௝, ߙ௜௝௞ and ߙ௜௝௞௟ are the Landau 
coefficients with their values listed in Table A1 
in Appendix A [56]. According to Landau-
phenomenological theory, only the coefficient 1ߙ 
associated with the quadratic term of the order 
parameters depends on temperature, while the 
higher-order coefficients ߙ௜௝, ߙ௜௝௞ and ߙ௜௝௞௟ are 
assumed to be temperature-independent. The 
rhombohedral phase of BFO is stable when Gtotal 
< 0, with a spontaneous polarization vector 

௫ܲ = ± ௬ܲ = ± ௭ܲ. Under these conditions, Eq. 
(5) becomes: 

௕௨௟௞ܩ = ଵߙ3 ௭ܲ
ଶ + ଵଵߙ)3 + (ଵଶߙ ௭ܲ

ସ + ଵଵଵߙ3) +
ଵଵଶߙ6 + (ଵଶଷߙ ௭ܲ

଺ + ଵଵଵଵߙ3) + ଵଵଵଶߙ6 +
ଵଵଶଶߙ3  + (ଵଵଶଷߙ3  ௭ܲ

଼  (6)  

where ߙଶ = ସߙ ,ଵߙ3 = ଵଵߙ)3 + ଺ߙ ,(ଵଶߙ =
ଵଵଵߙ3 + ଵଵଶߙ6 + ଼ߙ ଵଶଷ, andߙ = ଵଵଵଵߙ3 +
ଵଵଵଶߙ6 + ଵଵଶଶߙ3 +  ଵଵଶଷ. The values of theߙ3
coefficients ߙଶ ߙସ, ߙ଺ and ଼ߙ are calculated and 
listed in Table A2 in Appendix A. For the thin 
film, the fundamental assumption is that the 
equilibrium profile ܲ(ݖ) corresponds to the 
minimization of the total free energy ܩtotal Eq. 
(1). Thus, (ݖ) is obtained as the solution to the E-
L equation. 
ௗమ௉೥
ௗ௭మ = ଶ ௭ܲߙ2] + ସ ௭ܲߙ4

ଷ+6 ߙ଺ ௭ܲ
ହ + ଼ߙ8 ௭ܲ

଻ −
 (7)   ߛ/[௭ܧ
The intrinsic variation in polarization near the 

surface leads to the following boundary 
conditions [57]; 
ௗ௉೥  
ௗ௭ 

= ± ௉೥
ఋ

ݖ ݐܽ  = ∓ ܮ 2⁄   (8) 

We adopt the gradient coefficient γ as 1 nm 
[59]. The extrapolation length δ = 4 nm used in 
this study is adopted from earlier 
phenomenological analyses of BFO thin films 
[59] and is kept fixed for all calculations. 
Physically, δ characterizes the strength of 
surface-induced suppression of polarization: 

smaller δ corresponds to stronger surface effects, 
which tend to increase the critical thickness, 
whereas larger δ weakens surface suppression 
and can reduce the critical thickness. The 
magnitude of polarization along the space 
diagonal in the rhombohedral structure of BFO, 
can be calculated as ܲଶ = ௫ܲ

ଶ + ௬ܲ
ଶ + ௭ܲ

ଶ = 3 ௭ܲ
ଶ. 

Therefore, the total volume bulk energy Eq. (6) 
is given by 

௕௨௟௞ܩ = ଵܲଶߙ + ଵ
ଷ

ଵଵߙ) + ଵଶ)ܲସߙ + ଵ
ଶ଻

ଵଵଵߙ3) +

ଵଵଶߙ6 + ଵଶଷ)ܲ଺ߙ + ଵ
଼ଵ

ଵଵଵଵߙ3) + ଵଵଵଶߙ6 +
ଵଵଶଶߙ3  +  ଵଵଶଷ)଼ܲ (9)ߙ3

By differentiating the total free energy Eq. (1) 
with respect to ௭ܲ at a constant temperature ܶ, in 
the absence of an external field, yields the 
dielectric equation of state. This equation 
describes the effect of applying an external 
electric field to the ferroelectric BFO film. 

௭ܧ =  ∫ ଶ ௭ܲߙ2] + ସ ௭ܲߙ4
ଷ+6 ߙ଺ ௭ܲ

ହ +
ಽ
మ

ିಽ
మ

଼ߙ8 ௭ܲ
଻] ݀(10)  ݖ 

The dielectric hysteresis loops shown in Figs. 
5 and 6 are obtained by solving the equation of 
state Eq. (10) under a quasi-static cycling 
electric field. For each value of the applied field, 
the equilibrium polarization was determined 
using a fourth-order Runge–Kutta integration of 
the E-L equation, combined with an iterative 
procedure to achieve self-consistency between 
the polarization profile and the applied field. The 
field was swept from negative to positive values 
and back, and the corresponding polarization 
values were recorded to construct the dielectric 
hysteresis loop. 

The response of the order parameter, 
polarization, to an external electric field in 
ferroelectrics is quantified by the dielectric 
susceptibility, ߯. The dielectric susceptibility is 
given by ߯ =  ଵ

ఌబ

డ௉೥
డா೥

 while its inverse is ߯ିଵ =

଴ߝ
డா೥
డ௉೥

. For temperatures below the transition 
temperature, the inverse susceptibility can be 
calculated by:  

߯ିଵ =  ∫ + ଶߙ଴[2ߝ ସ ௭ܲߙ12
ଶ+30 ߙ଺ ௭ܲ

ସ +
ಽ
మ

ିಽ
మ

଼ߙ56 ௭ܲ
଺] ݀(11)   ݖ 

The numerical method for obtaining the 
calculations proceeds as follows: Assuming the 
polarization profile is symmetrical with respect 
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to the film center (at 0 = ݖ), the surface 
polarizations ܲି ௭ ܽ݊݀ ାܲ௭ are equal, and the 
polarization at the film center can be denoted as 

௭ܲ (ݖ = 0) = ௭ܲ௖. Consequently, the slope of the 
polarization profile ݀ ௭ܲ ⁄ݖ݀  is zero at 0 = ݖ. The 
numerical procedure starts by determining the 
equilibrium polarization of the film, which is 
obtained using the fourth-order Runge-Kutta 
routine [60] to integrate the E-L equation (Eq. 7) 
for ܧ௭ = 0 from ݖ = − ܮ 2⁄ ݖ ݋ݐ  =  The .2/ܮ
integration of the E-L equation is subject to the 
boundary conditions outlined in Eq. (8). 

3. Results and Discussion  
Based on Eq. (7) and Eq. (8) with ܧ௭ = 0, 

Fig. 1 shows the equilibrium polarization profile 
 of the BFO film with a positive extrapolation ݖܲ
length 4 = ߜ nm, for different film thicknesses ܮ 
= 0.5, 1, 2, 4, and 6 nm, at a temperature of ܶ = 
20 °C. It is evident that the polarization is 
suppressed at the film surfaces, and as the film 
thickness ܮ increases, both surface and interior 
polarizations rise. Fig. 2 illustrates the variation 
of average polarization with film thickness at ܶ 
= 20 °C. The spontaneous polarization 
diminishes to zero at a certain critical thickness, 
where the film loses its ferroelectric properties. 
From Fig. 2, the critical thickness (driven 
thickness phase transition) of BFO is determined 
to be 0.452 nm. This critical thickness marks the 
point at which the film is too thin to sustain 
ferroelectricity, and is a key parameter in thin 
films because it defines the minimum thickness 
required for a material to exhibit ferroelectric 
behavior. Considering the atomic spacing of the 
BFO unit cell, with lattice constants of ܽ hex = 

5.58 Å and ܿ hex = 13.9 Å at room temperature 
[61], this implies that even a single unit cell of 
BFO retains ferroelectricity based on our 
predicted critical thickness. 

Although the theoretical critical thickness 
obtained here is 0.452 nm, experimentally grown 
ultrathin BFO films typically have thicknesses in 
the range of ≥ 2. Our model predicts a finite, 
non-negligible polarization for 1–2 nm films (see 
Figs. 1–3), which is consistent with experimental 
observations of stable ferroelectricity in BFO 
films down to about 2 nm, grown on conductive 
perovskite substrates [62]. In this sense, the 
calculated critical thickness represents an 
intrinsic lower bound for ferroelectric stability, 
while experimentally accessible thicknesses of 
≥1–2 nm are expected to remain ferroelectric in 
agreement with these reports. 

It is important to note that the present 
calculations are performed for a freestanding, 
stress-free BFO film. This assumption allows us 
to isolate the intrinsic size effect on polarization 
without the influence of epitaxial strain. In 
experimental systems, however, BFO films are 
usually grown on substrates where misfit strain 
(compressive or tensile) can significantly alter 
the polarization profile and transition 
temperature. Compressive strain typically 
enhances out-of-plane polarization and increases 
Tc, potentially reducing the critical thickness, 
whereas tensile strain suppresses it, leading to a 
larger effective critical thickness. Therefore, the 
trends shown in Figs. 1 and 2 represent the 
intrinsic limit of size-driven polarization 
suppression, in the absence of strain. 

  
FIG. 1. Polarization ܲݖ as a function of ݖ for BFO films 
with various thicknesses 4 ,2 ,1 ,0.5 = ܮ, and 6 nm. The 
calculations are performed with a positive extrapolation 

length 4 = ߜ nm, gradient coefficient 1 = ߛ nm, 
temperature ܶ = 20 °C, and 0 = ݖܧ. 

FIG. 2. Average polarization as a function of film 
thickness ܮ for BFO films at ܶ = 20 °C, 0 = ݖܧ, with 

extrapolation length 4 = ߜ nm, and gradient coefficient 
 .nm 1 = ߛ
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Figure 3 shows the temperature dependence 
of the polarization for BFO films with 
thicknesses 4 ,2 ,1 ,0.5 = ܮ, and 6 nm, and bulk 
BFO, under zero applied electric field. For the 
Landau coefficients used in this work, the 
theoretical bulk transition temperature of BFO is 
approximately 830 °C. The 6 nm film exhibits a 
transition temperature of about 780 °C, which is 
therefore ~50 °C lower than the theoretical bulk 
value. Thinner films show a stronger size-
dependent suppression of T(C): the 2 nm and 1 
nm films lose their polarization at approximately 
658 °C and 472 °C, respectively, as shown in 
Fig. 3. The 0.5 nm film becomes paraelectric at 
around 100 °C, consistent with its strong finite-
size suppression. The qualitative trend—an 
increase of T(C) with thickness—is fully 
consistent with experimental observations. 
Simultaneously, the average polarization 
decreases as the film thickness decreases. As the 
temperature approaches the transition point, the 
average polarization of the films decreases 
continuously, indicating a second-order phase 
transition to the paraelectric phase. In our 
calculations, we used the standard Landau 
coefficients from the literature, as detailed in 
Table A1. Specifically, the fourth-order terms, 
 contribute to determining the order ,12ߙ and 11ߙ
of the transition. When these coefficients are 
combined, they yield an effective fourth-order 
term that is positive in our calculations. This 

positive value indicates a continuous transition, 
consistent with a second-order phase transition, 
despite experimental studies suggesting a first-
order transition of BFO bulk at approximately 
825° C. This suggests that BFO thin films can be 
fabricated with substantial polarization and a 
transition temperature well above room 
temperature. 

Figure 4 shows the average polarization 
versus temperature ܶ for a BFO film with a 
thickness of 4 = ܮ nm, under different applied 
electric fields 108 × 0.5 ,108 × 0.1 ,0.0 = ܧ, and 
1.0×108 V/m. In the absence of an applied field, 
the system exhibits a second-order phase 
transition at the critical temperature. However, 
when an external electric field is applied, the 
phase transition is suppressed. As the applied 
field increases, the average polarization at a 
given temperature also increases. 

Dielectric hysteresis loops (DHL) of BFO 
films, calculated using Eq. (10), are presented in 
Fig. 5 for various film thicknesses 1 ,0.5 = ܮ, and 
4 nm at ܶ = 20 ∘ܥ. The results show that as the 
film thickness increases, both the remnant 
polarization and coercive field also increase. Fig. 
6 illustrates the DHL at different temperatures. 
As the temperature rises, the area of the DHL 
decreases, which is attributed to the reduction in 
remnant polarization and coercive field. 

  
FIG. 3. Temperature dependence of average 

polarization for bulk and various film thickness 
ܮ = 0.5, 1, 2, 4, and 6 nm, δ = 4 nm, ߛ = 1 nm. 

FIG. 4. Polarization versus temperature for BFO film 
with several applied electric fields ܧ = 0.0, 0.1 ×

10଼, 0.5 × 10଼ and 1.0 × 10଼ V/m. Film thickness 
= 4 nm, ߜ = 4 nm ߛ = 1 nm. 
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FIG. 5. Dielectric hysteresis loop for BFO films with 
varying thicknesses 0.5,1 = ܮ, and 4 nm at ܶ = 20 ∘ܥ, 
with gradient coefficient 1 = ߛ nm and extrapolation 

length 4 = ߜ nm. 

FIG. 6. Dielectric hysteresis loop for a BFO film with 
thickness 4 = ܮ nm, at temperatures ܶ = 20 oܥ and 600 

oܥ, with gradient coefficient 1 = ߛ nm and 
extrapolation length 4 = ߜ. 

  

Although Fig. 5 presents representative 
results for the 0.5 nm, 1 nm, and 4 nm films, the 
same qualitative behavior is observed for all the 
other studied thicknesses (2 nm, 6 nm, and bulk). 
These particular thicknesses were selected as 
illustrative examples, and the general trend is 
valid across the entire thickness range 
considered in this work. 

Figure 7 illustrates the temperature 
dependence of the electric susceptibility of BFO 
films with various thicknesses (L = 1, 2, and 4 
nm). Above the transition temperature, the 
susceptibility is determined using the well-
known Curie-Weiss law, while below the 
transition temperature, Eq. (11) is applied. Peaks 
in the susceptibility curves correspond to the 

transition temperatures (TC) for each film, as 
indicated in Fig. 3. The portion of the curves 
above TC has a clear physical significance, as it 
can be experimentally observed in the 
paraelectric phase. Notably, the susceptibility at 
the transition temperatures increases sharply, 
reaching values as high as 104. A closer look at 
Fig. 7 (inset) reveals that at room temperature, 
the thinner films exhibit higher susceptibility, 
with a value of 51.7 at T = 30°C. This finding 
aligns with experimental results by J. Lu et al. 
[63], who reported an average dielectric constant 
(ε) of approximately 50 in low-temperature 
dielectric measurements on small BFO single 
crystals. 

 
FIG. 7. Dielectric susceptibility versus temperature for BFO films with different thicknesses (1 nm, 2 nm, and 4 

nm) at 1 = ߛ nm and 4 = ߜ nm. The inset provides a zoomed-in view of the susceptibility of the films at low 
temperatures below the transition temperatures. 

4. Conclusion  
In conclusion, we applied Landau theory to 

examine the intrinsic dielectric properties of 
freestanding BFO thin films. The study examines 

dielectric hysteresis loops at varying 
temperatures and film thicknesses. Our findings 
indicate that both coercive fields and remnant 
polarization decrease with reduced film 
thickness and increased temperature. The critical 
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thickness of BFO was determined to be 0.452 
nm, suggesting the feasibility of fabricating 
monolayer BFO with ferroelectric properties. 
We also calculated the susceptibility of BFO 
under different film thicknesses, yielding a value 
of ε = 51.7 at room temperature, which aligns 
closely with experimental data. Additionally, the 
transition temperature of BFO was found to be 
thickness-dependent, decreasing with reduced 
film thickness but remaining above room 
temperature even for films as thin as 0.5 nm. 
This size- and temperature-dependent behavior 
of BFO thin films, as presented here, could guide 
the design and fabrication of nanoscale 
ferroelectric devices with tailored properties for 
advanced applications in electronics and 
spintronics. 
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Appendix A 
Table A1: The value of Landau coefficients of energy function in Eq. (5) 

coefficient Value Unit 
 ଵ 4.483 × (T- 830) x 105 (C-2 m2 N)ߙ
 ଵଵ 2.217 × 109 (C-4 m6 N)ߙ
 ଵଶ -2.049 × 109 (C-4 m6 N)ߙ
 ଵଵଵ -1.760 × 109 (C-6 m10 N)ߙ
 ଵଵଶ 8.298 × 108 (C-6 m10 N)ߙ
 ଵଶଷ 1.679 × 109 (C-6 m10 N)ߙ
 ଵଵଵଵ 3.920 × 108 (C-8 m14 N)ߙ
 ଵଵଵଶ 4.400 × 107 (C-8 m14 N)ߙ
 ଵଵଶଶ -3.800 × 108 (C-8 m14 N)ߙ
 ଵଵଶଷ 8.000 × 108 (C-8 m14 N)ߙ

Table A2: The value of Landau coefficients of the energy function in Eq. (6) 
Coefficient Value Unit 
 ଶ 13.449 × (T- 830) x 105 (C-2 m2 N)ߙ 
 ସ 5.600 × 107 (C-4 m6 N)ߙ 
 ଺ 5.100 × 107 (C-6 m10 N)ߙ 
 (C-8 m14 N) 107 × 3.330 ଼ߙ 
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